Spectroscopic analysis and atomic force microscopy ͑AFM͒ phase imaging studies show self-assembly of phenosafranin ͑PSF͒ to multiwalled carbon nanotubes ͑MWNTs͒. The shift in absorption spectra is associated with charge transfer of valence electrons from PSF to electron accepting sites on the MWNTs. The Raman-active disorder modes are used to fingerprint PSF attachment to MWNTs via defect states. AFM phase imaging was used to obtain a molecular topographic visual confirmation of PSF attached to the MWNT.
For the last decade scientists in the fields of physics, chemistry, and material science have wondered at the electronic and optoelectronic properties of macromolecular structures, such as fullerenes and carbon nanotubes, and in particular the application of these properties to these fields. From the initial discovery of multiwalled nanotubes ͑MWNTs͒ to the revelation of helicity in single-walled nanotubes ͑SWNTs͒, we have been amazed that such a seemingly simple construct should have so many varied properties. [1] [2] [3] However, the key factor to carbon nanotubes ͑CNTs͒ is that they possess unblemished conjugation with insulating, semiconducting, or metallic properties, stability in air, and do not requiring chemical doping to retain such properties. The first indication that combining other organic molecules to carbon nanotubes, forming a unique composite, was carried out using PmPV with MWNTs, resulting in higher than expected enhanced physical properties of the composite. 4 Since then, many studies have been carried out to alter the chemistry of CNTs in order to tailor its properties to specific requirements, very much in a similar manner to polyacetylene manipulation which has resulted in many unique optoelectronic and molecular switching organic materials. 5 Assembly of various materials either electrostatically, 6 hydrophobically, 7 or covalently 8, 9 onto the surface of CNTs is of great interest in that they dramatically enhance the potential of nanotubes to be used as devices such as singleelectron transistors, 10,11 molecular diodes, 12-14 memory elements, 15 logic gates, 16, 17 and nanoscale low Ohmic metallic contacts. 18 In addition, depending on the catalytic application, various metals 19, 20 or metal complexes 21, 22 can be tethered to the nanotube template. [23] [24] [25] Tethering optically active species such as quantum dots [22] [23] [24] [25] [26] can harness their resonant tunneling effects to make nanodevices for optical applications. Recent work by Zhang and co-workers 27 has shown that the adsorption of anthracene derivatives to SWNTs occurs through a donor-acceptor charge-transfer interaction. This form of interaction has also be seen upon attachment of aniline to SWNTs ͑via formation of an adduct͒. 28 Here we report a unique approach to the adsorption of a cationic phenazine dye, phenosafranin ͑PSF͒, at defect sites induced by acid treatment of MWNTs. PSF was chosen for several reasons: ͑a͒ Phenazine dyes have great potential for use in solar cells-for example, coupled with EDTA generates photovoltages of 600 mV. 29 In addition, PSF can undergo reversible reduction with long-lived excited states which make them ideal as photosensitizers in energy and electron transfer reactions. 30 ͑b͒ Its amine functionalities may make it more easily dispersible in Nylon 6 for future polymer composite work.
MWNTs synthesized by the arc-discharge method were first purified by sonication in conc. 70/30 H 2 SO 4 /HNO 3 in an ultrasonic bath for 6 h. The tubes were then filtered through a Whatman nylon microfilter, 0.20 m, and washed with de-ionized water. This method of chemical functionalization creates dangling bonds that are progressively oxidized depending upon the intensity of treatment to hydroxyl ͑-OH͒, carbonyl ͑ϾCvO͒ and carboxyl groups ͑-COOH͒. 19, 23 Synthesis of phenosafranin ͑3,7-diamino-5-phenylphenazine or PSF͒ functionalized MWNTs ͑Fig. 1͒ was achieved by mixing 3 mg of carboxylated nanotubes in 5 ml of de-ionized water containing 0.1% v/v PSF.
After mixing the solution was sonicated for 1 min. While the carboxylated tubes appeared soluble in de-ionized water, Samples were analyzed spectroscopically using a Varian Cary 500 Scan UV-vis-NIR spectrophotometer to obtain UVvisible absorption spectra from suspensions of samples in water placed in a quartz cell with a path length of 1 cm. Raman spectra were obtained using a Renishaw Ramascope Raman spectrometer equipped with an intergral Leica ͑DMLM͒ microscope. A 514.5-nm radiation was produced from a 20-mW air-cooled Ar ϩ laser ͑Spectra-Physics model 263C͒. The Raman band of silicon, 520 nm, was used to calibrate the spectrometer, with a resolution better than 1.5 cm
Ϫ1
. A Digital Instruments multimode scanning probe microscope with a quadrex extendor module was used to image the nanotubes and dye attached nanotubes. Shown in Fig. 2 are the UV-visible spectra of pristine MWNTs, acid-treated MWNTs, and acid-treated MWNTs after PSF dye attachment. Notably, Mie scattering is observed after acid treatment of the tubes ͑cf. pristine tubes͒, characterized by the rapid increase in base line at decreasing wavelengths. This phenomenon is caused by the acid treatment creating shortened tubes of similar length scales and electrical characteristics such that they can separate or disperse different wavelengths ͑read colors͒ of light.
The absorption maximum for PSF is at 520 nm ͑2.38 eV͒ while the absorption maximium for the broadband of PSF treated carboxylated nanotubes is 562 nm ͑2.21 eV͒, a shift of 0.17 eV ͑Fig. 2͒. This bathochromic or redshift clearly indicates chemisorption, primarily due to the phenosafranin-MWNT interaction which allows excitation transfer ͑caused by light͒ from the phenosafranin dye to the nanotube and vice versa. 31 This would indicate that the bond formation or charge transfer process is far stronger than a simple electrostatic process. Carbon nanotubes, in general, are believed to be good electron acceptors. 32 In this case the dye has attached to the nanotube; the result is that there is a drop in the dye molecules highest occupied and lowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap due to the electron transfer process. Consequently, a decrease in vibrational freedom inflicted by the new charge transfer process takes place as valence electrons are transferred from the PSF attached molecule into the carbon * band.
Recent work by Thomsen and Reich 33 using doubleresonance theory, where the scattered intermediate and final states are actual electronic states, can be used to resolve the meaning of defects within NTs. This model was originally applied to one of the six-phonon branches of the dispersion relations of graphite from which we resolve the meaning of the D band. However, it is possible, and has been shown elsewhere, that this can also be applied to other dispersive phonon modes and can give a deeper insight into disorder effects.
34 -42 Figure 3 shows normalized Raman spectra at different stages of the functionalization and shows two main characteristic first order peaks for the MWNTs. First-order Raman spectra of the pristine sample show a very broad disorder-induced peak around 1350 cm Ϫ1 ͑D band͒ as the MWNTs have some concentration of lattice defects inherent in their structure. This peak arises due to different defect structures in MWNTs and finite-length effects; the breadth of this peak also reflects the inherent disorder with the entire sample. Initial acid treatment reduces amorphous defects; hence, we see a narrowing of the band. However, it also results in the nanotube body being attacked by the acid, introducing new defects along the tubular body. This increase in disorder is defect and functionalization related, and is distinguished from the amorphous carbon originally present.
Shown also in Fig. 3 is the G band located at the 1578 cm Ϫ1 for the untreated tubes, which is similar to that of graphite, and this position is directly linked to the tangential shear mode (E 2g ).
43 Figure 3 also shows the prominent appearance of DЈ around 1617 cm Ϫ1 with acid treatment, a feature barely visible in the pristine tubes. The mode at 1617 cm Ϫ1 can be linked to extrema in the density of states ͑DOS͒ of MWNT. 43 There is a direct connection between the E 2g mode, the M-point zone edge mode, and the edge of the ⌫K optical branch. 44 This mode is a consequence of defects along the tube body which affects the E 2g mode and so induces a strain. Consequently, as we alter the perfect twodimensional ͑2D͒ graphitization to a more disordered structure by functionalization, a strain is introduced in the CvC bond vibrations, which gives rise to the peak at 1617 cm Ϫ1 . Commonly, in materials containing bonds other than sp 2 , particularly in tetrahedral amorphous carbon (ta-C) or ta-C:H, a blueshift to as far as 1630 cm
, and in some cases to 1690 cm Ϫ1 ͑with 299 nm excitation͒, is seen. 45 This high peak position could only be due to short, strained CvC bond stretching. 45 Introducing defects along the nanotube body in a controlled manner using acid treatment and using Raman spectroscopy to show that the vibrational response allows us to understand changes along the nanotube body. 46 Consequently, we see dramatic changes when PSF is introduced to the nanotubes. Upon introduction we see a change and decrease in the DЈ peak, a substantial shift by 5 cm Ϫ1 of the E 2g mode, and an increase in the D peak. The change in the D peak intensity is the same equivalent change in the DЈ peak intensity, corresponding to the PSF attaching to the dye.
As a consequence of ''removing'' the defects from the MWNT's using PSF attachment, we introduce further defects along the MWNT's body. This is seen as disorder as we no longer have a perfectly graphitized structure on the surface of the MWNTs, but one possessing dye attachments at positions of tubular defects; consequently, the MWNTs are functionalized by dye molecules. Adding PSF removes many of the acid-activated sites on the graphene outer layer of the MWNTs, as the MWNT outer layer attracts the PSF to the surface, and through self-assembly PSF-CNT functionalization occurs. This phenomenon is observed as a reduction in the intensity of the DЈ peak as the PSF sits on the acidtreated reactive sites of the nanotubes.
Atomic force microscopy ͑AFM͒ has gradually developed as an important tool to study carbon nanotubes. [47] [48] [49] [50] Phase imaging, in tapping mode, using an oscillating probe was employed to obtain nanometric images. This goes beyond topographic details to measure changes in surface properties like composition, adhesion, hardness, viscoelasticity, and more, by mapping the change in the phase of the cantilever oscillations. Samples for AFM measurements were prepared by drop-casting the solution of nanotubes dispersed in water onto a freshly cleaved highly oriented pyrolytic graphite ͑HOPG͒ substrate. This was then dried in air until the water has evaporated, leaving only nanotubes on the HOPG substrate. While no large change in topography could be observed at the sites of the dye attachment ͓Fig. 4͑a͔͒, attributed to the subnanometer size of the dye molecules, a more prominent contrast was detected in the phase image ͓Fig. 4͑b͔͒ at locations where the dye molecules were attached to defect sites on the nanotubes. This is as would be expected if the dye molecules in self-assembly attach only at CNT defect sites. In the phase image, minimal contrast is observed between the HOPG substrate and the multiwalled nanotubes owing to the similar graphitic nature of both materials. However, at locations where dye molecules are attached to the tube we can clearly see the PSF material present that is attached to the nanotube.
However, MWNT coverage is not complete as the PSF only adheres to acid-activated defect sites, and consequently we do not get aggregation of the dye on the entire length of the tube body.
In summary, our results show that phenosafranin ͑PSF͒ attaches to MWNT at acid-treatment-induced defects along the nanotube body. The attachment of the organic dye PSF was achieved through the process of self-assembly whereby the dye attaches on top of these induced defect sites. Spectroscopic verification using UV-visible and Raman spectroscopy showed a bathochromic shift in the UV-visible spectrum indicative of an electron transfer process between the nanotubes and PSF. In addition, we have spectroscopically fingerprinted the changes in the nanotube morphology due to self-assembly, indicated by changes in the D, G, and DЈ vibrational position of the Raman spectra. Finally, using AFM, in tapping mode and phase image control, we were able to distinguish between the carbon nanotubes and the attached PSF. It is clear that the attachment was selective in that the only positions available for self-assembly attachment were at the defect sites. This advance in relatively simplistic self-assembly is an important one in that we can now start using organic molecules, in particular optoactive dyes, to alter the morphology and more concisely tailor the optical properties of nanotubes to meet more specific needs, optically, electronically, or biomedically.
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